9 This experimental study assesses the bond performance of recycled aggregate concretes (RAC) with 10 embedded uncorroded and corroded steel bars. The RAC were produced using 20%, 50% and 100% 11 of coarse recycled aggregates obtained from the crushing of waste 40 MPa compressive 12 strength concrete. Three degrees of corrosion were reached on the steel bars. The uncorroded RAC 13 specimens presented a comparable bond strength to that of conventional concrete (CC). Low 14 corroded RAC specimens presented better bond performance and later superficial cracking when 15 compared to those of CC. At a higher corrosion degree, all concretes presented a similar bond 16 capacity. The ultimate bond strength estimation models used for CC were adequate for its
Introduction

21
Corrosion of the steel bars is one of today's most frequent and significant type of damage, 22 in existing reinforced concrete structures. Therefore, the study of the structural effects of anchorage capacity of corroded structures [1] [2] [3] [4] [5] . Models studying the interaction between 37 both materials, and numerous experimental studies identifying and studying this 38 phenomenon can be found in the literature on the subject [6] [7] [8] [9] . Even though, the literature 39 on works covering bond behaviour on recycled aggregates is very sparse [10] [11] [12] [13] [14] [15] [16] [17] .
40
The increasing amount of construction wastes coming from old and deteriorated structures 41 at the end of their service life has a relevant environmental impact on the construction 42 sector as the results of the economic benefits of using the wastes produced in the form of recycled concrete aggregates (RCA) in the concrete employed in reinforced concrete 44 production. Wastes from older structures yield fragments in which the aggregate is 45 contaminated with various different substances such as gypsum, asphalt, etc. A proper 46 treatment of the recycled aggregate, as well as an accurate production process, results in 47 recycled aggregate concrete (RAC) being a very suitable option to reduce the overall cost in 48 the construction sector [18] . Over the past 50 years, the use of RCA has been profoundly 49 studied for concrete production [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and the resulting studies maintain that the primary 50 weakness of RCA is its high porosity, which could directly influence a decrease in the 51 compressive strength and durability of concretes produced with those aggregates.
52
Recent studies have tried to determine the bond between both the RAC and the steel with 53 respect to that of conventional concrete (CC) and steel [13] . These studies manifest that a 54 reduction of bond strength could be associated with the amount of recycled aggregate used 55 in the mixture. Several authors [13, 15, 16 ] reported reductions of 6-8% up to 30% of bond 56 capacity, nevertheless other researchers' work [10] noted differences of approximately 1% 57 of the bond strength of recycled aggregate concrete with respect to that of CC concrete.
58
Although the reduction in bond strength is strongly related to the concrete's compressive 59 strength, it is also dependent on other parameters such as steel bar rib geometry and the 60 position and orientation of the bars during casting. The amount of concrete cover also has 61 an important influence on this phenomenon [10, [28] [29] [30] [31] [32] [33] .
62
In this experimental study of the bond strength and bond behaviour between recycled 63 aggregate concrete and reinforcement steel, either corroded or uncorroded, using the direct 64 pull-out tests was presented. density and absorption, and the grading distributions are described in Table 2 and Fig. 1 
109
The mix proportion of CC concrete was defined with 300kg of cement and a total water-110 cement ratio of 0.5 for concretes exposed to a marine and chloride environment as 
114
It is taken as understood that the effective water / cement ratio of the concretes is the ratio 115 between the effective water (free water which reacts with cement) and total cement weight.
116
The effective water was determined by first calculating the total water used for concrete 117 production and then subtracting both the water absorbed by the aggregates and the moisture 118 present in RCA during concrete production. replaced by RCA for each recycled aggregate concrete production. 
Compression test
156
The compressive strength of concrete was determined using a compression machine with a 157 loading capacity of 3000 kN. The compressive strength was measured at the age of 28 days
158
following UNE-EN 12390-3 specifications. Three cylindrical specimens (100mm of 159 diameter and 200 mm of length) were used for each type of concrete produced.
Pull-out test
161
The experimental work presented here focuses on the direct pull-out test of both the natural the local bond stress could be estimated as:
where, P is the applied load, Φ is the nominal diameter of the steel bar, and L is the 172 embedded length.
173
The experimental study was divided into two phases. 
Fig. 2. (a) Concrete specimen description (phase 1) (b) Test setup, direct pull-out test 191
The total slip between both the concrete and the steel was measured during the test. An
192
LVDT was affixed to the concrete cube at the specimen's bottom in order to register the 193 total rebar slip.
194
The hydraulic jack clamps were attached to the steel bar-end. The load was applied directly to the bar by means of control displacement, in order to achieve results on both the pre and 
Pull-out test: Phase 2 201
The Phase 2 test specimen design was modified with respect to that defined by the code In this study case hydraulic jack clamps also were attached to the steel bar-end in order to 216 pull the bar out of the concrete. The tests were conducted by means of displacement 217 control, of 0.2 mm/min, until failure or until the residual bond load was reached.
218
The load was applied directly to the bar via a hydraulic jack controlled by a load cell. The Phase 2 were not directly comparable. The τ max being the only comparable data. The instant of the first cracking appearance on the surface of the different types of concrete 267 specimens during corrosion process was evaluated. 
Test results
278
Concrete properties
279 Table 4 describes the compressive strength at 28 days of curing and the standard deviation
280
of the values for all types of concretes produced. The results of direct pull-out test in terms of (maximum bond capacity) for the 318 specimens produced at Phase 1 are shown in Table 4 . As expected the failure mode CC concretes, as already reported by other researchers [10, 46] .
326
Fig. 6. Direct bond τ (MPa)-slip (mm) curves of the four types of concrete 327
The LVDT placed underneath the specimen was able to monitor and register the actual 328 direct slip between the concrete and steel bar. Fig. 6 shows the direct bond-slip curves of 329 the four types of concretes. It shows that the maximum slip registered was higher in RAC 330 concretes, and it increased when higher percentages of recycled aggregates were used. Fig.   331 7 illustrates the pull-out test of CC concrete. concrete production [20, 24] and it is coherent with the behaviour observed in Fig. 6 and 8.
342
The higher porosity registered for RCA concretes could correctly explain this behaviour in 343 concretes produced with 100% of RCA. 
Pull-out test results: Phase 2 (uncorroded)
348
The τ max value for the four types of concrete specimens, with uncorroded bars, are shown in 349 
Surface cracking due to corrosion procedure
398
Cracks produced by corrosion are a major problem during the concrete deterioration 399 process. The instant of the first surface cracking of each type of concrete during the 400 electrical current exposition period was determined (see Table 6 ). conventional concrete for the first surface cracking to appear. According to Yalciner et al.
401
406
[33] the concretes produced with high water/cement ratio needed more time for the first 407 outer cracking than concretes with low water/cement ratio. This being due to the lower porosity of later ones. The high porosity of concrete had similar adequate influence on the 409 occurrence of the first cracking in all tested concretes. In this research work the higher 410 porosity of the recycled aggregates, which had a greater capacity for absorbing the internal 411 stresses caused by the corrosion products, delayed the surface cracking. A higher corrosion 412 degree was needed in order to achieve the same external cracking for RAC. A description of surface crack pattern caused by corrosion cracking is described in Table 7 416 (Fig. 12 illustrates the cracking of CC and RAC-100 at 1.6% and 5.75% of corrosion 417 degree). The first outer cracks appeared on the upper face of the concrete cubic specimens,
413
418
in which the steel bar was embedded. The cracks became prolonged on the lateral faces due 419 to the increase of corrosion degree. Table 7 crack prolongation. The τ max of all the corroded samples is also described in the same Table   423 7.
424
(a) CC concrete at 1.6% corrosion degree (b) CC concrete at 5.75% corrosion degree (c) RAC-100 concrete at 1.6% corrosion degree (d) RAC-100 concrete at 5.75% corrosion degree on its upper surface, which later became prolonged on one of the lateral faces (see Fig. 13 ).
441
However, in accordance with the above-mentioned hypothesis, the pull-out test revealed Table 8 describes the results of the pull-out tests (τ max and its standard deviation) carried 451 out with uncorroded (0% corrosion degree) and corroded steel bars (with 1.6%, 2.6% and 452 5.75% corrosion degree). As previously mentioned, CC concrete and RAC concretes had 453 similar bond strength when they were not exposed to the corrosion effect.
454
At the different degrees of the steel bar corrosion (1.65%, 2.60% and 5.75%), the bond 455 strength for all RAC specimens was higher than that of the CC concrete. In addition, this 456 difference increased when a larger amount of RCA was employed in concrete production. was higher in all of the RAC concretes than in the CC, independent of the percentages of 467 recycled aggregates used for concrete production and the corrosion degree of the steel bars.
468
Although an improvement of the bond capacity in RAC was observed at all the tested 469 corrosion levels, that improvement was found to be almost negligible for higher corrosion consequently of RAC reduced the stress level in the surrounding concrete (due to its 488 absorption capacity of that product) increasing the bond strength. However, for high 489 corrosion degrees, the absorption capacity of those concretes has no influence on the cause 490 of a significant bond strength reduction as was described in this study. showed a pronounced drop in bond capacity for lower degrees of corrosion. 
Conclusions
538
Based on the results of the study, the following conclusions can be drawn: 
